ABSTRACT. The geological cycling of carbon ties together the ocean-atmosphere carbon pool, Earth's biosphere, and Earth's sedimentary reservoirs. Perturbations to this coupled system are recorded in the carbon-isotopic (␦ 13 C) composition of marine carbonates. Large amplitude ␦ 13 C excursions are typically treated as individual events and interpreted accordingly. However, a recent compilation of Phanerozoic carbon isotopic data reveals that ␦ 13 C excursions are a ubiquitous feature of the geologic record, and thus should be considered in concert. Analysis indicates that Phanerozoic carbon isotope excursions, as a whole, have characteristic durations of 0.5 to 10 M.yr. and exhibit declining amplitude over time. These commonalities suggest a shared underlying control.
insights into carbon cycle dynamics. Craig (1953) carried out a survey of terrestrial materials and meteorites, and demonstrated that the isotopic ratios of organic carbon and carbonate carbon align with their estimated fractions within the total crustal carbon pool based on geological observations (Clarke, 1924) . In the 1970s and '80s Phanerozoic trends were first determined. It was shown that Phanerozoic ␦ 13 C values increased to a mid-Paleozoic high and then decreased to the present, and that this trend was matched by an inverse trend in sulfate ␦ 34 S (Veizer and others, 1980; Kump and Garrels, 1986; Holser, 1988) . These sets of isotopic data then served as inputs for a series of carbon cycle models that grew progressively in their sophistication. Developed in the '80s and '90s, these models were aimed at reconstructing the histories of atmospheric O 2 and CO 2 over the Phanerozoic (Berner and others, 1983; Garrels and Lerman, 1984; Lasaga and others, 1985; Kump and Garrels, 1986; Berner, 1987; Berner and Canfield, 1989; Lasaga, 1989; Berner, 1991; Kump, 1993; Berner, 1994; Berner, 2001; Berner and Kothavala, 2001; Berner, 2006) . Beginning in the 1980s, analysis of carbon isotope ratios via mass spectrometry became sufficiently routine that the measurement of hundreds or even thousands of samples became feasible, opening the door to detailed characterization of individual stratigraphic sections and highresolution chemostratigraphy among sections. First carried out in the Cretaceous (Scholle and Arthur, 1980) , and later in many other time intervals (Knoll and others, 1986; Magaritz, 1989; Payne and others, 2004; Saltzman, 2005; Halverson and others, 2005; Maloof and others, 2010) , these highly resolved carbon isotopic records revealed numerous large-amplitude excursions in the ␦ 13 C of marine carbonates. Many of these excursions have been related to geologic events including extinctions (Payne and others, 2004; Bachan and others, 2012) , climate perturbations (Zachos and others, 2001) , sea-level changes (Cramer and Saltzman, 2007) , and volcanic eruptions (Svensen and others, 2004 (Svensen and others, , 2007 (Svensen and others, , 2009 .
Recently, a sufficient number of these individual high-resolution records have become available, providing sufficient coverage of the Phanerozoic, such that a view of carbonate ␦ 13 C at sub-million-year resolution over the entirety of the Phanerozoic can now be realized ( fig. 1 , Appendix table A1, Saltzman and Thomas, 2012) . The composite curve reveals that the majority of Phanerozoic ␦ 13 C variation consists not of noise (as it had previously appeared in lower-resolution data compilations: for example, Veizer and others, 1999) , but rather of stratigraphically coherent positive and negative excursions. The improved resolution allows for partitioning of the data via spectral decomposition. Figure 2 shows the results of a three-fold partitioning: (A) a first-order long-term trend with a period that is the same duration as the length of the time series (542 M.yr.), (B) second-order variations with periods of 10s to 100s of M.yr., and (C) third-order variations with periods of 0.5 to 10 M.yr. The results show that excursions with the largest amplitudes all have durations of less than 10 M.yr., and show declining amplitude over time. This interpretation is further supported by examination of the data in the frequency domain. Figure 3 shows the spectrum of the data, with two levels of smoothing applied (red and blue dots). Also shown is the slope of a random walk (green line). The overall shape of the signal is sigmoidal, but variations with periods of 3 to 6 M.yr. show excess power. In addition, as the timescale of variations decreases, the lower portion of the spectrum (periods of less than 3 M.yr.) increasingly is dominated by noise. Temporal trends in frequency can be seen in a plot of frequency over time (spectrogram) , albeit at the cost of decreased frequency resolution. Figure 4A shows the filtered signal containing only second and third-order components (spanning 0. 5-270.5 M.yr.) and figure 4B shows the spectrum of the signal over time. The decline in the power of higher frequencies is evident, as is the periodic nature of the changes in the width of the signal envelope. These periodic changes in the envelope are highlighted in figure 5C , and are plotted alongside other records that have been postulated to vary periodically with similar periods (ϳ50 M.yr.): (A) global diversity of short-lived genera (Rohde and Muller, 2005) , and (B) area of preserved marine strata in North America during the Phanerozoic (green) together with a 55 M.yr. oscillatory component extracted using singular spectrum analysis (red, Meyers and Peters, 2011) . Also shown are North American sequences (Sloss, 1963; Peters, 2008) .
Interpretation of Phanerozoic Carbon Isotope Data
The canonical interpretation of carbon isotope data in marine carbonates is that long-term trends (much greater than the 100 k.yr. residence time of carbon in the ocean-atmosphere system) reflect the balance between the input of carbon and its burial as carbonate sediments and organic matter (Kump, 1991; Hayes and others, 1999) . This interpretation is supported by a few key observations. First, the long-term ␦ 13 C trend over the Phanerozoic ( fig. 2A ) as measured in bulk carbonates is largely replicated in well-preserved fossils with pristine features (Veizer and others, 1999) . This correspondence suggests that the long-term trend is not likely to have been (ETE, red line) and the N1, P1, and P2 carbon isotope excursions, which together comprise the Hettangian carbon cycle instability. The ETE occurs coincidentally with the N1 excursion, and the P1 is the first positive excursion following the ETE. Data replotted from Saltzman and Thomas, (2012) with addition of data from Bachan and others, (2012) . strongly modified by diagenesis, and that it is largely representative of the average ␦ 13 C of dissolved inorganic carbon in seawater. Second, the inverse correlation between the stable isotopic systems of carbon and sulfur affirms that the long-term trends in ␦ 13 C are predominantly due to variations in the burial fraction of organic carbon that was produced by oxygenic photosynthesis, and not by the burial of other 13 C-depleted phases such as authigenic carbonate or organic carbon derived from anoxygenic photosynthesis. This confirmation is due to the fact that the burial of organic carbon (which leads to 13 C enrichment) is the only process associated with O 2 release. The released O 2 leads to increased oxidation of sulfides that are 34 S-poor, resulting in inversely correlated trends in carbonate ␦ 13 C and sulfate ␦ 34 S (Garrels and Perry, 1974; Fig. 3 . Spectrum of Phanerozoic ␦
13
C data obtained via a Thompson power spectral density estimate, with two levels of smoothing applied (blue and red points). Also shown is the slope of a random walk (green line). Note the peak in power between periods of 3-6 M.yr. Fig. 4 . A. Filtered signal containing only second and third-order components (270. 5-0.5 M.yr.) . B. Spectrogram of the filtered signal. The periodic nature of the changes in the variance of the signal are evident, as is the decline in power of higher frequencies from the mid-Mesozoic onward. carbon isotope excursions across the Phanerozoic Veizer and others, 1980; Kump, 1993) . Third, the ␦ 13 C trend correlates with independent estimates of sedimentary volume and biotic diversity (Hannisdal and Peters, 2011) . This correlation is difficult to account for through diagenesis, and points toward a shared tectonic driver. Do ␦
C excursions and variations occurring on shorter timescales (0.5-10 M.yr.) similarly represent the average isotopic composition of the ocean-atmosphere carbon pool? There are a number of arguments that support a positive answer to this question. Many-though not all-␦ 13 C excursions in carbonate rocks occur also in coeval organic matter (Knoll and others, 1986; Bachan and others, 2012; Meyer and others, 2013) , suggesting that variations in ␦ 13 C existed in the original water column. Furthermore, many excursions can be correlated across widely separated stratigraphic locations and shown to be synchronous, suggesting widespread regional-if not globaldistributions (Gale and others, 1993; Husson and others, 2016) . The common association of carbon isotope excursions with extinctions (Magaritz, 1989) , sea-level (Rohde and Muller, 2005) . (B) Area of preserved marine strata in North America during the Phanerozoic (green) and a 55 Myr oscillatory component extracted using singular spectrum analysis (red, Meyers and Peters, 2011) . (C) Variations on the 0.5-10 M.yr. timescale with the envelope of variability highlighted in gray. Also shown are North American sequences (dashed lines, Sloss, 1963; Peters, 2008) . Note decline in coherence from the Paleozoic to the post-Paleozoic.
changes (Cramer and Saltzman, 2007) , anoxia (Scholle and Arthur, 1980) and, in the Mesozoic and Paleogene in particular, evidence for widespread volcanism (Svensen and others, 2004; Svensen and others, 2007) , further suggests that trends in the ␦ 13 C record most likely reflect global perturbations to ocean-atmosphere carbon pool.
Yet this interpretation of carbon isotope excursions has been challenged by observations of modern and recent carbonate deposits that indicate that shelf carbonates-the chief component of the carbonate rock record in deep time-show trends that are very different than those known to characterize the global carbon cycle (Swart and Eberli, 2005; Swart, 2008; Gischler and others, 2009) . Moreover, in shallow-water platform sections, carbon isotope trends not dictated by secular seawater variation show covariance between organic carbon and carbonate carbon (Oehlert and Swart, 2014) . And, in both platform and periplatform sites these trends are shared among widely separated stratigraphic locations-possibly coupled through sea level (Swart and Kennedy, 2012) . The causes of these trends are still debated, and may arise from local restriction, water-mass aging, and biotic influences on the ␦ 13 C of carbonate produced on platform tops, open system diagenesis and flushing of shelf carbonates with sea-water and/or meteoric waters, alteration during neomorphism of aragonite to calcite, admixture of aragonite derived from platform tops with pelagically derived material, or some combination of these factors.
Yet, although the trends observed in periplatform sites are different than the pelagic record, they are not uncorrelated with it. Many of the periplatform sites detailed in these studies (Swart and Eberli, 2005; Swart, 2008) show a clear inverse correlation with open ocean ␦ 13 C ( fig. 6A ). It is possible that this correspondence is coincidental. It is also possible that the "unbalanced" burial of 13 C-enriched carbonates (that is, without corresponding burial of organic carbon) on the shelves drove down the ␦ 13 C value of pelagic carbonates resulting in an inverse correlation between the two burial fluxes of carbonate. This hypothesis can be articulated quantitatively by modification of the canonical expression for carbon isotope steady-state behavior to include the existence of two carbonate sinks: C as recorded by pelagic carbonates (site 525) contrasted with those exhibited by a peri-platform site (site 817). (B) Cross-plot of shelf and pelagic data together with best-fit line (black), and model estimates for a two end-member carbonate burial flux with different proportions of shelf and pelagic sinks. Best-fit line is sub-parallel to 0.4 -0.5 model lines indicating that shelf carbonate consist of approximately 50% of the total carbonate sink, which is consistent with estimates based on geologic data (Milliman, 1993) .
Equation (1) is the canonical expression relating ␦ 13 C of the ocean-atmosphere system (␦ 13 C carb ) to the fraction of organic carbon burial (f org ), the isotopic value of the volcanic/weathering input of carbon (␦ 13 C volc ), and the fractionation imparted by photosynthesis (ε). Equation (2) parses the overall carbonate burial flux into a shelf sink and an "other" sink. Equation (3) is the result of substituting (2) into (3) and isolating ␦ 13 C carb,o . Figure 6B shows the model predictions for various values of the partitioning between the shelf and "other" carbonate sinks (using values of Ϫ5‰, 25‰ and 0.25 for ␦ 13 C volc , ε, and f org , respectively), alongside data from Swart (2008) . The slope of the best-fit line to the data (solid black line) is subparallel to the 0.4 -0.5 model lines, suggesting that roughly half of carbonate burial occurs on the shelf while the rest occurs in the pelagic realm. This partitioning calculated from isotope ratios is in agreement with independent estimates drawn from geologic data (Milliman, 1993) .
From a deep-time standpoint, the "Bahamas" mode of carbon cycle operation (globally correlated local controls on ␦ 13 C) is perfectly permissible. Yet, it is unlikely to have been very prevalent in the geologic past. First, in portions of the Mesozoic in which pelagic carbonates are abundant, the shelf and pelagic records show generally similar trends (Grötsch and others, 1998; Parente and others, 2007; Vincent and others, 2010) , rather than inversely correlated trends. Thus, the behavior of carbonate platform and periplatform sediments on the shelves over the last 10 M.yr. must be unique or limited to ice-house intervals. Second, without a volumetrically significant second carbonate sink (pelagic or otherwise) mass balance would limit the extent to which large ␦ 13 C variations in shallow-marine carbonates could vary independently of the ␦
C of the ocean-atmosphere carbon pool. That is, even if synchronized through sea-level changes and/or ocean chemistry, shallow marine carbonates with ␦ 13 C values substantially different than the ␦ 13 C value of the global carbon pool must have remained limited in volume if they were not to have impacted the isotopic composition of the global pool. Without an additional carbonate sink, widespread "unbalanced" burial of 13 C-enriched carbonates on the shelves would be expected to result in a decline in the ␦ 13 C value of the ocean-atmosphere pool over a few hundred k.yr., which would cause the isotopic composition of the isotopically deviant carbonate flux to promptly return to the equilibrium value demanded by global mass balance. Such mass balance constraints are expected to be more stringent in a world without a pelagic carbonate sink, such as existed prior to the mid-Mesozoic (Boss and Wilkinson, 1991) . Third, if ␦ 13 C variation in shelf limestones arises primarily due to local or regional factors, such as physical restriction and segregation from well-mixed open ocean water, with inter-regional correlation imposed by sea-level changes, then such variation should be prevalent whenever sediment reflecting similar conditions is sampled in the geologic record. Yet, Cretaceous shallow-marine carbonates are as widespread, shallow, and intensively sampled as Paleozoic shallow-marine carbonates, but do not show the same large excursions (Jenkyns, 1995; Erba and others, 1999; Price and others, 2016, fig. 1 ). This striking difference in isotopic character between otherwise similar facies suggests that the differences between the pre and post mid-Mesozoic are not likely to simply be a consequence of sampling a better-preserved carbonate record, but rather indicate a fundamental shift in the operation of the Earth system over time.
The canonical interpretation of carbon isotope data has been further challenged in other ways. Carbonation of basalts (Bjerrum and Canfield, 2004) and the precipitation of authigenic carbonate in sediments (Higgins and others, 2009; Schrag and others, 2013; Sun and Turchyn, 2014) have been proposed as under-appreciated carbonate sinks that may have been much larger in the past. Yet, to accommodate the mass balance constraints these sinks would have to have been of similar size to the shelf carbonate sink, or strongly fractionated from sea-water. To date, the evidence that has been supplied has been anecdotal (Shibuya and others, 2012; Greene and others, 2012; Saitoh and others, 2015; Thomazo and others, 2016, Zhou and others, 2016; Cui and others, 2017) , and vast quantities of isotopically depleted authigenic carbonate have not been reported in Phanerozoic strata or in other periods. Thus, we must await a comprehensive survey of these sinks in ancient sediments to evaluate their importance. Nonetheless, even if true, these alternative formulations still share many features with the traditional interpretation. Though organic carbon is postulated not to be the primary 13 C-depleted phase that is removed from the surficial system, both of these alternative formulations are still global in character, and both hypotheses still rely on respiration of organic matter to sustain ␦ 13 C gradients in the ocean (for carbonated basalts) or in the sediment (for authigenic carbonate precipitation), and are thus not decoupled from the fate of organic carbon in the ocean. Consequently, even if large, strongly fractionated sinks for carbonate waxed and waned through geologic time, they likely did so in response to ocean chemistry and other geologic events (see for example, Greene and others, 2012; Cui and others, 2017) .
If the shelf carbonate record indeed represents global carbon cycle dynamics, then a number of pertinent questions arise: Why do ␦ 13 C excursions decline in amplitude over the Phanerozoic? Why do they have characteristic durations of 0.5 to 10 M.yr.? And why do ␦ 13 C excursions show a correspondence with sea-level changes, extinctions, volcanism, and anoxia? In the following we develop a hypothesis to explain these oft-observed correlations (which might be named the "harmonic" hypothesis for carbon cycle operation). It is predicated on a face-value reading of the carbon isotope record, and pre-supposes that ␦ 13 C excursions in carbonate sediments reflect variations in global ocean chemistry occurring at the time of their deposition.
understanding oscillations of the geologic carbon cycle
Model Formulation
Many sophisticated models have been put forth to interpret geochemical records and simulate global biogeochemical dynamics (BLAG, Berner and others, 1983; COPSE, Bergman and others, 2004; MAGic, Arvidson and others, 2006) . The goal here is not to replicate these models. Rather, our goal is to produce the simplest possible model that still bears a semblance of the physical system being modeled, and can produce results that are qualitatively similar to the carbon isotope record. The model ( fig. 7 ) includes only two reservoirs: oceanic phosphate (M P ) and carbon in the ocean-atmosphere system (M C ). Phosphate enters the ocean through the weathering of phosphate-bearing rocks (F wp ) and exits through precipitation and burial of phosphate-bearing phases (F bp ). Carbon enters the ocean-atmosphere system through an input flux (F in ) comprising volcanism (F v ), the weathering of carbonate carbon (F wc ), and the weathering of organic carbon (F wo ). Carbon exits through the burial of carbonate (F bc ) and organic carbon (F bo ). We follow Kump and Arthur (1999) in balancing alkalinity by setting carbonate burial to the sum of silicate weathering (F ws ) and carbonate weathering: F bc ϭ F wc ϩ F ws . The model equations are thus:
The functional forms of the dependencies of the fluxes on the reservoirs are formulated to align as best as possible with our understanding of biogeochemical dynamics while still maintaining model simplicity. Consider the burial flux of organic carbon and its dependence on the phosphate reservoir. Phosphate is a biolimiting nutrient in the ocean and on land and its availability (alongside those of nitrogen and iron) is critical in determining organic productivity (Sarmiento and Gruber, 2006) . This dependence of organic productivity on phosphate availability impacts organic carbon burial over geological time scales (Broecker, 1971; Van Cappellen and Ingall, 1996) . Organisms extract phosphate from the surface ocean with nearly complete scavenging efficiency (Broecker, 1971 ). The phosphate is incorporated into their biomass at a ratio of 1:106 with carbon (Redfield, 1958) . Most of the organic carbon is decomposed in the water column, and the carbon and phosphate are remineralized. A small fraction of the organic matter that is produced in the surface ocean makes its way to the sediments. There, the fates of the carbon and phosphate bound within the organic matter diverge: some of the phosphate is released back into the water column while the carbon is retained, resulting in elevated C:P ratios of buried organic carbon relative to the Redfield ratio (Froelich and others, 1982) . Under an anoxic water column C:P burial ratios tend to be even higher. This is because the cap of iron oxides that usually keeps any phosphate that is remineralized in the sediments trapped within them is removed, resulting in an efflux of phosphate from the sediments into the water column. Once in place, the release of phosphate from sediments can result in increased productivity, which may drive further anoxia, resulting in an anoxiaproductivity feedback (Van Cappellen and Ingall, 1996) . Thus, one could consider the burial rate of organic carbon as dependent on the burial rate of phosphate from the ocean into the sediments multiplied by a C:P burial ratio of those sediments (which may be strongly redox dependent). We assume that the burial flux of phosphate is dependent on oceanic phosphate concentrations (F bp ϭ k bp *M P ), so a dependence of organic carbon burial on the mass of phosphate in the ocean arises as well (F bo ϭ C/P*k bp *M P ϭ k bo *M P ). Alternatively, at a constant preservation rate, increased phosphate availability leads to increased organic productivity and increased organic carbon burial, such that one similarly ends up with a dependence on the mass of oceanic phosphate. Either way, the dependencies of organic carbon and phosphate burial on phosphate availability encapsulate within them the efficiency with which organic carbon and phosphate are exported from the surface ocean to the sediments, as well as the efficiency with which they are preserved in the sediments relative to each other. While the burial of phosphate is dependent on marine processes, its delivery is terrestrially sourced and weathering-dependent, and hence related to pCO 2 and to the mass of carbon in the ocean-atmosphere system. At a given level of calcium in the ocean, pCO 2 is expected to vary as the square of the mass of carbon in the ocean (Kump and Arthur, 1999) . Weathering rates scale as a function of the 0.3 to 0.6 power of the CO 2 level (Walker and others, 1981) . Together these relationships result in a near linear dependence of P delivery on the mass of carbon in the ocean (F wp ϭ k wp *M C ). Silicate weathering is expected to behave in a similar way to phosphate weathering, and so carbonate burial (or at least the component of the carbonate burial flux that is derived from silicate weathering) is expected to scale with the mass of carbon in the ocean-atmosphere system (F ws ϭ k ws *M C ). By substituting the burial flux of carbonate with the sum of silicate and carbonate weathering we assume immediate compensation of imbalances in alkalinity. For Phanerozoic times, compensation occurs on timescales of ϳ 0.1 M.yr. (Hönisch and others, 2012 ) so this assumption is not likely to be grossly violated. Testing the impact of including separate formulations for inputs and outputs of alkalinity is left for future model exploration. Additionally, we treat organic carbon weathering as an invariant source of carbon similar to volcanism. Organic carbon weathering likely depends on atmospheric oxygen in non-linear ways (Chang and Berner, 1999; Lasaga and Ohmoto, 2002; Wildman and others, 2004; Bolton and others, 2006) , as do the burial efficiencies of phosphate and organic carbon (Laakso and Schrag, 2014) . Incorporating of the impact of varying atmospheric pO 2 on model fluxes is left for future model improvement.
The functional dependencies of the fluxes on the reservoirs are likely to be non-linear globally (that is, over their entire range). However, for small perturbations about the long-term Phanerozoic steady-state, the flux behaviors should be tolerably approximated by a first-order (linear) dependence. Under such a linear parameterization, in which each flux is the product of a reservoir and a coefficient (F j ϭ k j *M j ), the model takes the following form:
Note that under this formulation of the model, both the burial flux of organic carbon and the weathering of phosphate respond to reservoirs other than the ones to which they are directly connected, while the burial fluxes of carbonate and phosphate are directly related to the carbon and phosphate reservoirs, respectively. Because the model is linear, these equations can be cast in matrix notation:
The model can then be expressed more compactly, where arrows indicate vectors and underlining indicate matrices:Ṁ
The advantage of assuming a linear system and applying matrix notation is that a closed-form solution exists for the time evolution of the system, and it is similar in form to the familiar solution for a scalar case. The time evolution of the system following perturbations from steady-state is then given by:
Equation 8 states that deviations from steady-state (M(0) Ϫ M ss ) will evolve exponentially with time, at a rate determined by the coefficient matrix K, where similarly to the scalar case (M ϭ F/k), the steady-state values are determined by the balance between the long-term (quasi-constant) inputs and outputs (see Appendix table A2 for flux values):
In particular, the temporal evolution of the system is determined by the eigenvalues of the coefficient matrix. By applying an eigenvalue decomposition to the coefficient matrix , the solution can be expressed as a sum of terms, each consisting of an initial value coefficient (a i ) and an eigenvector (v i ) multiplied by an exponential holding the corresponding eigenvalue ( i ):
In general, the eigenvalues can be complex numbers with real and imaginary components. The real part determines the rate of decay (or growth) and the imaginary part controls oscillations. Past work Lasaga, , 1981 generally assumed that geochemical systems would be over-damped. Here we obtain the eigenvalues analytically (see Appendix for calculation and for comparison to a mass-spring system), and derive an explicit condition for oscillations:
The parameter determines the degree to which the model response will be oscillatory. When Ͼ 1, the system will respond in an oscillatory manner to an impulsive perturbation. When Ͻ 1, the system will return via smooth exponential decay to its pre-perturbation value. When ϭ 1, the return will be most rapid. By analogy to a mass spring system, the coupled positive and negative feedbacks provided by the cross terms (organic carbon burial and phosphate delivery) act like the restoring force of a spring, whereas the direct terms (phosphate burial and silicate weathering) act like friction. When the feedbacks associated with the cross-terms are sufficiently strong, the system will oscillate.
Numerical Results
To investigate the model's behavior, we perturb it in two ways. First, to obtain the model's response to an instantaneous perturbation (impulse response) we perturb the model with a quasi-instantaneous input of carbon and examine its response at three values of ( fig. 8) . Second, to obtain the model's response to a sinusoidal forcing (frequency response) we perturb the model with a sinusoidal forcing spanning a range of frequencies and amplitudes ( fig. 9 ). We apply idealized forcing functions, rather than real-world forcings, as doing so has the advantage of giving a general model response that is independent of the particulars of the input. Further, although the system is linear in mass, and therefore the propensity for mass oscillations can be determined analytically, it is non-linear with respect to ␦ 13 C because isotopic mass involves the product of mass and isotopic composition (M ϫ ␦). Consequently, numerical integration is required to investigate the model's ␦ 13 C response. In the three cases of instantaneous carbon release ( fig. 8) , we perturb the model with an injection of carbon equivalent to 50 percent of the C reservoir size (1.9 ϫ 10 18 mol). The injected carbon is assigned a ␦ 13 C value equal to that of the volcanic input (Ϫ5 ‰). The first run ( fig. 8A , blue line) is carried out using accepted estimates for the average Phanerozoic flux magnitudes and reservoir sizes (Kump and Arthur, 1999 , see Appendix table A2 for values). We find that in its natural state the system is not entirely damped, and the release of carbon drives increased weathering resulting in increased input of phosphate, increased organic carbon burial, and a small positive excursion following the negative one. This slight under-damping is reflected in a value of that is larger than unity: ϭ 3.4. In the second run ( fig. 8B, green line) , the burial dependence of phosphate (k bp ) and the weathering dependence of silicates (k ws ) are each set to 1/10 th of their default values, corresponding to ϭ 340. The interaction between the M P and M C reservoirs is now more pronounced and results in multiple excursions from a single perturbation. In the third run ( fig. 8C, red line) , in addition to the conditions in the second run, the burial sensitivity of organic carbon (k bo ) is set to three times its default value, corresponding to ϭ 1020. The progressive increase in results in a progressive increase in the frequency and amplitude of oscillations. Note that in all cases the largest overshoot in the positive direction immediately follows the negative excursion resulting from the pulse of carbon input.
We approach the sinusoidal forcing through two different formulations. The first is by prescribing that the flux to which the perturbation is applied vary sinusoidally with a given amplitude (A) and frequency (). This formulation is reasonable for external fluxes such as the volcanic flux, but not for fluxes such as organic carbon burial that are presumed to be strongly dependent on the size of their respective reservoirs. Thus, we employ a second formulation in which we force the fluxes sinusoidally while retaining their dependence on their respective reservoir size. In the first case, the flux being forced can be written as F ϭ F 0 ϩ A sin t, where F 0 is the base value of the flux. In the second case, the flux being forced can be written as F ϭ kM(1ϩA sin t) ϭ kЈ(t)M, where k is the flux rate dependence and M is the corresponding reservoir. In the first case, the flux becomes constant when the amplitude of the forcing is zero, whereas in the second case the expression returns to the unperturbed parameterization when the amplitude of the forcing is zero. This difference in formulation is subtle yet leads to a significant difference in interpretation. In the first case, the sinusoidal forcing completely replaces the original parameterization of the flux, so the flux varies sinusoidally with the prescribed amplitude and frequency without regard to reservoir size. Whereas, in the second case, it is the dependence of the flux on the reservoir size (rather than the flux itself) that varies sinusoidally with prescribed amplitude and frequency. For instance, under the second formulation, the burial sensitivity of organic carbon on phosphate would vary with time: at times a given amount of phosphate would generate a certain burial flux of organic carbon, while at other times a much larger burial flux would result. In other words, the dependence of organic carbon burial on phosphate is forced to vary sinusoidally, and this forcing results in sinusoidal modulation of the organic carbon burial flux. Further, the amplitude parameter (A) can be viewed as representing the sensitivity of the rate parameter (k) to an external forcing whose amplitude we consider fixed. A large value of A would indicate a stronger coupling, while a small value of A would indicate a weaker coupling. In the first case, where the fluxes are modulated directly, we denote the result with the name of the flux (for example, F v , F ws , . . .). In the second case, where the rate coefficients are modulated, we denote the runs with the name of the coefficient (for example, k ws , k bp , . . .). In the first case, the system is non-linear in ␦ 13 C. But in the second case, it is much more strongly so: in addition to the non-linearity inherent in isotopic mass balance, the rate coefficients now vary sinusoidally with time.
We explore the impact of varying the period of the forcing on the model ␦ 13 C response by running the model iteratively with periods spanning 0.01 M.yr. to 1000 M.yr. (Appendix figs. A2-A to A2-C). We also vary the amplitudes between 0 (no forcing) to 1 (doubling of the steady-state value of the flux/parameter). In general, increasing the amplitude of the forcing results in larger ␦ 13 C oscillations ( fig. 9) . However, at a given amplitude of the forcing, the period of the forcing affects the amplitude of the resulting ␦ 13 C oscillations. In some cases, the model exhibits a progressively increasing amplitude with increasing period of the forcing (figs. 9A-9C), whereas in others the model exhibits a maximal response at between periods of approximately 0.5 to 10 M.yr., and more muted responses higher and lower periods (figs. 9D-9F). The occurrence of a resonant peak is not predicted by classical linear systems theory: the eigenvalues of the system have not changed. Rather, this behavior arises due to the non-linearity imposed on the system by the sinusoidal modulation. The observed result of non-symmetric output ( fig. 10 ) in response to a symmetric forcing is also not predicted by classical theory. The asymmetry includes both large negative excursions separated by smaller right-skewed positive excursions, as well as large positive excursions separated by smaller negative excursions ( fig. 10 ). These asymmetric excursions can reach very large amplitudes without violating mass balance constraints (that is, resulting in negative mass). Indirect forcing of the burial flux of phosphate (k bp ) with a period of 1 M.yr. (fig. A2-A) results in positive excursions up to ϩ25 permil under the maximal modulation explored (A ϭ 1). On the longest timescales simulated (T ϭ 100 M.yr) indirect forcing of organic carbon burial and phosphate weathering (k wp and k borg ) results in positive intervals lasting 50 M.yr. separated by large (up to Ϫ20 ‰) negative excursions ( fig. A2-C) . These negative excursions are driven by nearly pure organic carbon weathering. Periodic ␦ 13 C excursions with such amplitude and frequency do not occur in the Phanerozoic, but characterize the Neoproterozoic (Halverson and others, 2005) and possibly the Paleoproterozoic (Sekine and others, 2010) .
The two different types of frequency responses shown by the model can be more clearly evaluated when the amplitude of the ␦ 13 C response is plotted as a function of the frequency/period of the forcing (figs. 11A, 11B and Appendix fig. A3 ). A sigmoidal frequency response is exhibited by model parameters and fluxes with a progressive increase in the amplitude of ␦ 13 C oscillations with increasing period ( fig. 11A) , whereas model parameters that are particularly sensitive to the forcing within a certain range of frequencies exhibit a resonant peak ( fig. 11B ). Of the nine parameters investigated (Appendix fig. A3 ), five show a sigmoidal frequency response, whereas four show a resonant peak between periods of 0.5 and 10 M.yr.: the weathering sensitivity of phosphate (k wp ), the burial dependence of phosphate (k bp ), the burial dependence of organic carbon (k bo ), and the burial flux of phosphate when forced directly (F bp ). The weathering of phosphate (k wp ) and the burial of organic carbon (k bo ) show a second, broad, resonant peak over the longest periods investigated (100 to 1000 M.yr.). 
Implications of Model Results for Phanerozoic ␦
13 C Trends In principle, a number of end-member scenarios can account for the duration and amplitude of individual ␦ 13 C excursions as well as the decline in their amplitude over the Phanerozoic. First, the geologic carbon cycle may be strongly non-linear (Wallmann, 2014) or inherently oscillatory (Zachos and Kump, 2005) , so that, under certain conditions, it might have the capacity to produce regular variations in ␦ 13 C without requiring external forcings, or be only weakly dependent on them. Second, variations in ␦
13
C could directly reflect variations in the strength and timing of the physical forcings that drive ␦ 13 C excursions. Third, ␦
C variations could reflect the dynamics of external forcings as well as the sensitivity of the carbon cycle to those forcings. Under the first scenario, internal carbon cycle dynamics would account for both the timing and magnitude of individual excursions, as well as the general decline in the amplitudes of excursions over the Phanerozoic. Under the second scenario, both these attributes would be a result of changes in the amplitude of external physical forcings. Under the third scenario, the ␦ 13 C record would be a product of an external pacemaker and an internal carbon cycle amplifier. The three scenarios correspond in a general sense to the three modeling scenarios: impulse forcing ( fig. 8), direct sinusoidal forcing (fig.  11A) , and indirect sinusoidal forcing ( fig. 11B ), respectively.
A number of lines of evidence suggest that internally generated oscillations are not likely to be a source of repeated ␦ 13 C excursions in the Phanerozoic carbon isotopic record (or at least not in response to impulsive perturbations). First, given estimated average Phanerozoic values for reservoir sizes and flux magnitudes, the model predicts an oscillatory ( 0 ϭ 3.4) yet highly damped response. Order-ofmagnitude modification of flux dependencies (from ϭ 3.4 to ϭ 1020) is required to produce multiple oscillations in response to a single forcing impulsive perturbation. Such a large increase in would have to have been driven by very large reductions in the kinetics of precipitation of carbonate and phosphate. It is not clear whether such large changes can be realistically attributed to secular variation in the mode of carbonate and phosphate precipitation over the Phanerozoic.
Perhaps more problematically, the model predicts that the largest peak in ␦ 13 C should immediately follow the negative excursion associated with injection of carbon. This prediction is not met in at least two cases where the timing and duration of volcanism relative to the carbon isotopic record are reasonably well constrained (Blackburn and others, 2013; Burgess and Bowring, 2015) . Both the Early Triassic (following the end-Permian mass extinction, fig. 1C ) and the Early Jurassic (following the end-Triassic mass extinction, fig. 1D ) are characterized by multiple ␦ 13 C excursions (Payne and others, 2004; Bachan and others, 2012) . In both cases, the largest peak is separated from the initial negative excursion by a smaller positive peak (the first positive following the EPE is marked with an arrow in fig. 1C and the first positive following the ETE is marked by the "P1" annotation in fig. 1D ). In both cases, the largest peak (most positive ␦ 13 C excursion) lags the initial volcanically-driven negative excursion substantially (Ͼ1.3 M.yr., and ϳ500 k.yr., respectively). Model modifications cannot easily account for the lag: the sensitivity of organic carbon burial in the model must be reduced to nearly zero immediately following carbon injection in order to see peak organic carbon burial lag peak carbon injection. Yet, geochemical proxies suggest that conditions expected to promote organic carbon burial, including anoxia (Lau and others, 2016) , and increased delivery of sediment due to an intense weathering regime (Algeo and Twitchett, 2010) rise to their maximal extent immediately following the end-Permian extinction event. Taken in aggregate, these observations suggest that it is unlikely that the multiple ␦ 13 C excursions in either the end-Permian or end-Triassic records were internally generated. Other factors must be responsible for the timing and magnitude of the ␦ 13 C excursions in these two intervals, and likely in others intervals as well.
The second option, that variations in ␦
C directly reflect variations in the strength and timing of the physical forcings that drive them, is unlikely as well. None of the physical drivers (regional and global tectonics, local and global sea-level changes, or volcanic degassing) are postulated to have declined in the amplitude of their variations on the 0.5-10 M.yr. timescale over the Phanerozoic (Worsley and others, 1984; Haq and others, 1987; Haq and Schutter, 2008; McKenzie and others, 2016) 
. carbon isotope excursions across the Phanerozoic
The interpretation of recurrent ␦ 13 C excursions as a reflection of the action of an oscillatory or repeated forcing that is variably coupled and amplified through a resonant carbon cycle response is largely consistent with geologic constraints. First, a resonant frequency response for the carbon cycle is more likely than a sigmoidalshaped frequency response, because if the response were sigmoidal, any forcing would have to have a larger amplitude of variation in the 0.5 to 10 M.yr. range than in higher or lower periods in order to account for the increased amplitude of ␦ 13 C variation in that frequency band. Yet, few geological forcings are thought to be characterized by such a frequency distribution. The record of continental flooding (Haq and others, 1987; Haq and Schutter, 2008) suggests that the longer period components (first order changes on the scale of 100 M.yr.) are much larger than the shorter period components (second and third order changes with periods of 0.5-10 M.yr.). The spectral power distributions of the other main possible drivers, tectonics and volcanism, are not known to the same level of detail, but over the Phanerozoic these drivers generally follow the same trends as continental flooding due to the physical connections between them (Worsley and others, 1984; McKenzie and others, 2016) . Second, the variable-coupling scenario is more likely than the direct forcing scenario. For most of the fluxes considered in the model, it is unreasonable to assume they act independently of the reservoirs. For example, direct sinusoidal modulation of the phosphate burial flux (F bp ) can result in ␦
13
C excursions with the right durations, but requires that the flux vary independently of phosphate concentrations in the ocean. Furthermore, if directly forced, the forcings on the 0.5 to 10 M.yr. timescale would have had to have diminished in amplitude over the Phanerozoic in order to account for the decline in the amplitude of ␦ 13 C excursions. This is not likely to have been the case. Due to these considerations, directly forced fluxes or those with sigmoidal frequency responses are unlikely to be able to explain the key features of the carbon isotope record (characteristic duration, declining amplitude), though they surely contributed to the overall shape of the ␦ 13 C frequency distribution ( fig. 3 ). These fluxes include volcanic input (F v ), the weathering of silicates (F ws ), the weathering of phosphate (F wp ), the burial of phosphate (F bp ), and the burial of organic carbon (F borg ). The remaining model parameters are the sensitivity of phosphate weathering (k wp ), the sensitivity of phosphate burial (k bp ), and the sensitivity of organic carbon burial (k borg ). These three parameters can be readily mapped to physical scenarios. The former (k wp ) represents time-varying changes in weatherability of phosphate, that is, fluctuating phosphate weathering flux at a constant pCO 2 level. In this case the sinusoidal driver can be identified with tectonics (Kump and Arthur, 1997; Caves and others, 2016) . The other two parameters map well to a scenario in which sea-level oscillations provide the oscillatory forcing, and anoxia determines the degree to which those oscillations are manifested as time-varying changes in the dependence of the fluxes on the reservoirs. This mapping occurs because anoxia has a strong influence on C:P burial ratio of sediments (Algeo and Ingall, 2007) . Directional changes that may account for a decline in coupling between sea-level and tectonics and the fluxes of organic carbon and phosphate have occurred in both the terrestrial and marine realms over the Phanerozoic. Nonetheless, the latter (marine) scenario fits particularly well with geologic evidence. We propose that k bp and k borg have been forced (pseudo) sinusoidally by changes in sea-level, and that the amplitude of this forcing is positively related to the depth and extent of the oxygen minimum zones (OMZs). A model based on similar logic was presented by Lau and others (2016) with the aim of explaining the ␦ 13 C record of a limited interval (the Early to Middle Triassic). Here we expand this model to account for the behavior of the ␦ 13 C record across the Phanerozoic. During times when the oxygen minimum zones (OMZs) were large and shallow, recurrent sea-level changes would have readily led to large changes in the areal extent of the anoxic bottom waters, resulting in large variations in the burial sensitivity of carbon and phosphate via changing C:P burial ratios. These changes would have translated into large-amplitude ␦ 13 C excursions (figs. 12A and 12B). In contrast, at times when anoxia was limited to deeper waters, sinusoidal variations in sea level would have led to only slightly modulated burial fluxes resulting in little variation in ␦ 13 C ( figs. 12C and 12D) . The characteristic period of the resulting ␦ 13 C oscillations can be accounted for by an enhanced sensitivity of the carbon cycle to forcings at those time scales, so that the amplitude of the sea-level variations needn't be largest on the 0.5 to 10 M.yr. periods. The decrease in the amplitude of carbon isotope excursions across the Phanerozoic can be accounted for by an increase in the depth of the OMZs and a decline in the extent of anoxia over that time period.
This model offers an explanation for the common association between positive ␦ 13 C excursions and sea-level highstands (see for example, Cramer and Saltzman, 2007) . The correspondence occurs because the highstand is the point at which sea-level is highest and the extent of shelf-depth depositional environments is greatest, so that anoxia reaches its greatest extent resulting in the greatest organic carbon burial. Organic carbon oxidation and negative excursions are expected to be more strongly associated with regressions (with some notable exceptions discussed further below). Maximal organic carbon concentrations (though not necessarily overall burial) are expected to be associated with transgressive sequence tracts. An implication of this association, is that source rock horizons (targets for exploration) should be located at the bases of positive excursions rather than at their apices. Fig. 12 . Proposed linkages between anoxia, sea level, carbon cycle sensitivity, and carbon isotope excursions. (A) When oxygen minimum zones (OMZs) were large, shallow, and prone to expansion, sea-level changes would have had the capacity to drive large changes in the areal extent of OMZs, strongly modulating the C:P burial ratio of organic matter in sediments, and thus global ␦ Our proposed mechanism is consistent with the observed decline in baseline levels of anoxia from the Paleozoic to the Mesozoic and Cenozoic. The Paleozoic record is characterized by an unusually large fraction of non-fossiliferous sediments and black shales in sedimentary successions of this age, suggestive of widespread shallow-marine anoxia (Dunbar and Rodgers, 1957; Berry and Wilde, 1978; Peters, 2007) . Long-term variation in the magnitude of ␦ 13 C excursions is associated with secular trends in Paleozoic climate and continental flooding. Lower sea level and cooler temperatures in the Late Paleozoic icehouse are associated with few, if any, excursions ( fig. 1 ). While both shallow-marine anoxia and coupling between sea level and organic carbon burial were relatively permanent features of the Paleozoic, during the Mesozoic unusual volcanic outpourings of carbon dioxide were apparently required to raise anoxia onto the shelves and increase the volatility of the ␦ 13 C record (Wignall, 2001; Ganino and Arndt, 2009) . Volcanic emanations of carbon likely drove repeated ␦ 13 C excursions by strengthening the coupling of the carbon cycle to sea level via expansion of anoxia rather than by an oscillatory impulsive response of the carbon cycle. A role for anoxia and sea-level changes in driving mass extinctions and delaying the recovery from them has long been recognized (Hallam and Wignall, 1999) . Under the proposed mechanism, both the transient coupling of ␦ 13 C to sea level, and the lag between the volcanic perturbation and the most positive ␦ 13 C values following the end-Permian and end-Triassic mass extinctions can readily be explained. Extensive volcanic eruptions triggered expansion of anoxia onto shallow shelf environments, increasing the sensitivity of the carbon cycle to sea level. Once coupled, ␦ 13 C values followed sea level, which need not have reached its maximal value immediately following the volcanic perturbation. Repeated ␦ 13 C oscillations continued until anoxia diminished to pre-perturbations levels, and the coupling to sea level declined in strength.
Volcanic perturbations throughout the Mesozoic and Cenozoic have resulted in progressively smaller ␦ 13 C excursions and more rapid recoveries. The recovery from the end-Permian extinction shows the largest ␦ 13 C excursions ( fig. 1C) . The endTriassic extinction was followed by excursions smaller than those that follow the end-Permian extinction, but still bigger than those associated with later OAEs (fig.  1D ). The PETM and other Cenozoic hyperthermals exhibit still smaller carbon isotope excursions than Mesozoic OAEs and earlier mass extinction events. The Cenozoic excursions are quite muted in comparison to those of the Paleozoic and Mesozoic, and similar to the highly damped model responses to an impulsive perturbation ( fig. 8A) . A progressive deepening of the OMZ and a reduction in its size, likely modulated by such factors as temperature and its impacts on respiration (Finnegan and others, 2012) , and the strength of the biological pump (Logan and others, 1995; Meyer and others, 2016) , would be expected to result in a diminishing link between the carbon cycle and sea level, and a reduced sensitivity to physical disturbances resulting in an increasingly stable ␦ 13 C record. A monotonic increase in atmospheric pO 2 over the Phanerozoic is not required to explain the decline in the amplitude of ␦ 13 C excursions. Rather than atmospheric O 2 being the primary control on the extent of ocean anoxia, we envision changing ocean redox conditions as likely to have been primarily controlled by biology. The redox conditions at any point within the ocean reflect the balance between the rate of organic carbon degradation (and oxygen consumption) on the one hand, and the rate at which oxidants are supplied to the site of organic carbon degradation via advection and diffusion on the other. Biology has likely influenced both sides of the balance. Increasing depth of bioturbation across the Phanerozoic (Droser and Bottjer, 1993) would have led to improved ventilation of sediments, increasing the efficacy of organic carbon degradation and leading to a reduction in the positive feedbacks that underpin the anoxia-productivity feedback. Increasing availability of well-oxygenated habitats for bioturbating fauna would have promoted their diversification, feeding back onto suppression of anoxia. Appearance of pelagic calcifiers and increased ballasting of organic carbon from the mid-Mesozoic onwards would have further accelerated the stabilization trends (Ridgwell and Zeebe, 2005) by increasing the speed at which organic particles travel through the water column.
Not that atmospheric O 2 levels did not matter for Phanerozoic carbon cycle dynamics. It is likely, however, that short-term excursions in pO 2 were more important than previously estimated, and long-term trends overstated. The more highly resolved ␦ 13 C data indicate that the mid-Paleozoic peak in the long-term ␦ 13 C trend ( fig. 2A ) is far less 13 C-enriched than the inputs used for modeling pO 2 in previous modeling efforts (Berner, 2001) , suggesting less variation in pO 2 on those timescales than previously envisioned, and likely much more variation on the 0.5 to 10 M.yr. timescale. These rapid changes in pO 2 (Saltzman and others, 2011) would have potentially provided an additional contribution to the sinusoidal modulation of the burial fluxes of organic carbon and phosphate beyond what is outlined by the current model.
The hypsometry of the shelves and extent of continental flooding likely also played a role in modulating the ␦ 13 C response to sea-level oscillations over the Phanerozoic. A lower extent of continental flooding would have forced OMZs to sit lower on the slope, hence making their areal extent harder to force with smaller-order changes in base level regardless of oxygenation. The changes in envelope of thirdorder ␦
C variations over the Phanerozoic occur on a similar timescale (ϳ50 M.yr.), and correspond sufficiently well to Phanerozoic sedimentary sequences (Sloss, 1963) , to suggest that secular variations in the extent of continental flooding may have exerted a control on their timing.
The sea-level changes considered here need not have been strictly eustatic, but rather only sufficiently widespread so that they effected significant leverage on the globally integrated burial flux of organic carbon. Neither must the output of 13 Cdepleted carbon have been exclusively via organic carbon burial. Authigenic carbonate produced during early diagenesis (Schrag and others, 2013) may have also increased during anoxic events (Greene and others, 2012) amplifying ␦ 13 C changes beyond our model estimates. The proportions of the two fluxes may have also shifted over the course of Earth's history as a function of the availability of oxidants (for example, sulfate and nitrate), and the strength of the biological pump (Higgins and others, 2009) . It is possible that at times the weathering and burial of authigenic carbon were the more dominant fluxes. If so, our proposed model still holds, although the ␦ 13 C values of shallow marine carbonates then reflect a more indirect impact of sea-level and redox conditions. Nonetheless, such secular variations (if they indeed occurred) should be easy to incorporate into our proposed framework. Variations in the isotopic composition of carbon inputs would have been another potential source of variability impacting the ␦ 13 C record. During regressions, the carbon isotopic composition of the weathering input will depend on the proportions of carbonate and organic carbon being eroded, and their respective isotopic compositions (Gibbs and others, 1999) . Regression leading to exposure of abundant 13 C-enriched carbonates with little organic matter oxidation might result in a shift to more 13 C-enriched values (Kump and Arthur, 1999) . The relative proportions of carbonate weathering and organic carbon oxidation were likely impacted by changes in atmospheric O 2 over Earth's history (Holland, 1984) , in addition to having a tectonic control.
Extension to the Proterozoic
The interplay between hypsometry of the continental shelves and the structure of ocean redox conditions may explain certain aspects of the Proterozoic carbon isotope record as well. Maximal sensitivity of the extent of anoxia on sea-level variations would be achieved when anoxic bottom waters are overlain by oxygenated surface waters, and the contact between the two is situated near the shelf-slope break. In such a case, small sea level changes would suffice to drive large increases in the areal extent of anoxic waters. Conversely, in a world in which the entire water column is anoxic, small sea-level changes would not affect burial fluxes of organic carbon and phosphate as much. Nonetheless, large sea-level changes could potentially result in dramatic changes in ␦
13
C as complete exposure of the shelves would result in the oxidation of all the organic carbon previously deposited on them. The effect would be maximized when the surface ocean is sufficiently oxygenated such that during regressions organic matter being weathered off the exposed shelves would enter into oxygenated waters resulting in rapid oxidation (Goldblatt and others, 2006) .
The prevailing paradigm is that the Mesoproterozoic was less well oxygenated than the Neoproterozoic, and the Neoproterozoic was less oxygenated still than the Phanerozoic (Lyons and others, 2014) . Thus, the transition from the ␦ 13 C stability of the Mesoproterozoic to the turmoil of the Neoproterozoic and the increasing stability of the Phanerozoic could reflect an increase in the oxygenation state of the ocean. In particular, a combination of very shallow OMZs (relative to the shelf break) and sufficiently oxygenated surface waters may explain why the Neoproterozoic ␦ 13 C oscillations have much larger amplitudes and periods than the Phanerozoic ones. The modeling indicates that Neoproterozoic-style oscillations can occur without violation of mass balance (that is negative mass), suggesting that such large and protracted excursions could arise with sufficient forcing by sea-level.
Changes in global hypsometry and continental area may have also played a role. The Neoproterozoic was a period of protracted continental emergence (Peters and Gaines, 2012) associated with a dramatic increase in sediment storage capacity (Husson and Peters, 2017) . These lines of evidence suggest a period of continental growth followed by a major increase in the area of continental flooding. If so, growth of shallow continental shelves during the Neoproterozoic could have led to a strong coupling between sea level and redox conditions, resulting in strong modulation of the carbon cycle and large ␦ 13 C oscillations. It is also possible that the associated increase in terrestrially derived phosphate (Reinhard and others, 2016) played a role by increasing nutrient loadings. Low rates of arc volcanism would have set the boundary conditions for Cryogenian glaciations (McKenzie and others, 2016) . Abundant anaerobic degradation of organic carbon and associated alkalinity production would have led to some regressions triggering Snowball Earth conditions (Tziperman and others, 2011) . This period of instability persisted until base levels of O 2 in the atmosphere increased sufficiently to induce more extensive aerobic oxidation of organic carbon and amelioration of the anoxia-productivity feedbacks, thus setting the stage for Phanerozoic ␦ 13 C stabilization.
conclusions Decreased anoxia in shallow marine environments may explain more than just the decreased volatility of the carbon isotopic record across the Phanerozoic. The implied decrease in the frequency and extent of shallow-marine anoxia can also help to account for declining background extinction intensity across the Phanerozoic (Raup and Sepkoski, 1982) , as well as directional trends from smaller, sessile and less active organisms, to larger, more mobile and more predatory organisms (Bush and Bambach, 2011; Heim and others, 2015) . We speculate that the trends in both the biotic and ␦ 13 C records result from the progressive oxygenation of the oceans, which caused a decline in the extent and severity of anoxia, a decrease in the frequency of incursions of anoxic waters onto the shelves, and the migration of the OMZs from the shallow shelves, where most organisms reside, to the deeper ocean. The linked biotic and geochemical feedbacks resulted in the progressive stabilization of the Earth System. Author contributions: AB and LRK conceived the study; AB, KVL, and JLP developed the ideas; AB carried out the analyses and wrote the bulk of the paper. All authors contributed to data interpretation and commented extensively on the paper. The authors declare no conflict of interests.
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Derivation
The relationship between the coefficients and the behavior of the system can be formally established. (See the Appendix [1] , for a similar development in a climate modeling context. See [2] , and [3, 4] , for related mathematical treatments in a geochemical context. See [5] , for an approachable introduction to linear systems from a control theory standpoint and [6] , for an introduction with a mechanical and electrical engineering flavor.)
The matrix form of the system is given by: Comparison With a Mass-Spring Harmonic Oscillator In a mass-spring system the forces in operation are the force exerted on the mass by the spring, and the friction operating on the mass. We assume that the force exerted by the spring is linearly related to the displacement of the spring (Hook's law), and the damping is linearly dependent on the velocity of the mass. The sum of the two forces are equal to the change in momentum as expressed by F ϭ ma, or in its differential form:
Since there is an equivalency between a large mass on a large spring and a small mass on a small spring, it is convenient to introduce non-dimensional variables, the angular frequency and the damping ratio:
The equation of motion then becomes:
This equation can be converted to two first order differential equations by defining x 1 , position, and x 2 , velocity:
Writing the system in matrix form reveals the similarity to the carbon cycle model.
Here the "cross" terms are 1 and Ϫ 0 2 . The characteristic polynomial is:
Oscillatory solutions (complex eigenvalues) exist when the discriminant is less than zero:
Hence, when Ͻ 1 the system will be underdamped and oscillate, whereas when Ͼ 1 the system will exhibit smoothly decaying solutions. 
